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Abstract 
Aluminium alloys have a wide range of application in many key industries like aerospace and defence. It is necessary 
to have a high strength joint without much distortion in the above applications. In the present investigation, Al 1100 
H14 aluminum alloy strips were joined by friction stir welding (FSW) process by single and double sided welding. 
Also the effect of direction of welding on tensile properties of the joints was investigated. Standard thickness (4 mm) 
aluminium pieces were joined by FSW under various traversing speeds and rotational speeds. The effects on 
mechanical properties like surface hardness and tensile strength of the welded region were studied. It has been 
concluded that double sided welds are better in strength compared to single sided ones and same direction welds have 
substantial improvement in mechanical properties when compared to opposite direction ones. 
 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Noorul Islam 
Centre for Higher Education. 
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1. Introduction  
 
Friction stir welding (FSW) is considered to be the most significant development in the past years in 
metal joining process. FSW is a solid state process in which can produce strong metallurgical bond 
between soft materials like aluminium, magnesium cu, brass and titanium alloys. 
This solid state process which includes good strength and ductility along with minimal residual stress and 
distortion, and the dimensional stability of joined elements [1-2]. 
 
 
            
 
 
 
 
 
 
Figure 1 - Tool and work pieces 
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1.1 Mechanism of Joining 
In friction stir welding (FSW) a cylindrical, shouldered tool with a profiled pin (Fig.1.1) is rotated and 
slowly plunged into the joint line between two pieces of sheet or plate material, which are butted together. 
[3] Frictional heat is generated between the wear resistant welding tool and the material of the work-
pieces. [4]This heat causes the latter to soften without reaching the melting point and allows traversing of  
the tool along the weld line. The plasticized material is transferred from the leading edge of the tool to the 
trailing edge of the tool pin and is forged by the intimate contact of the tool shoulder and the pin profile 
[5]. It leaves a solid phase bond between the two pieces. The process can be regarded as a solid phase 
keyhole welding technique since a hole to accommodate the pin is generated, then filled during the 
welding sequence. It is observed that:  
1. On the advancing side, the strain and temperature are lower. 
2. The flow zone is on the upper surface of the weld and consists of material that is dragged by the 
shoulder from the retreating side of the weld, around the rear of the tool, and deposited on the 
advancing side [6]. 
3. Material on the advancing front side of a weld enters into a zone that rotates and advances with 
the pin. This material was very highly deformed and moves behind the pin to form arc-shaped 
features when viewed from above. 
4. The lighter material from the retreating front side of the pin and is dragged around to the rear of 
the tool and filled in the gaps between the arcs of advancing side material. This material does not 
rotate around the pin and the lower level of deformation resulted in a larger grain size.  
2. Experimental work 
The material chosen for the study was Al 1100 H14. The chemical composition of this alloy is shown in 
table 1. 
 
Table 1 - Chemical Composition of the metal used (Al 1100 H14) 
 
% Si Fe Cu Mn Mg Zn Ti Al 
Min Si + Fe 0.05           
Max 0.95 0.20 0.05 0.03  0.10  0.03 Remaining 
 
The welding tool was made of HSS having a much higher hardness and wear resistance is used. Fig. 2 
shows the tools used for the experiment. 
                           
 
 
                                                      
 
 
 
 
Figure 2 Tools used 
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A conventional heavy duty milling machine with automatic feed was used for the welding. A sturdy 
fixture was used for firmly fixing the work pieces as shown in Fig. 3. 
 
 
 
Figure 3 Milling Machine with Automatic feed and fixture 
 
2.1 Welding parameters and conditions used 
 
The numbers of variables associated with the FSW are many and these parameters are chosen based on 
the machine specifications and capabilities. Also these parameters [7-8] are related to the materials and 
tool. Table 2 shows the various process parameters and tool dimensions selected for the FSW. 
 
Table 2 - FSW process parameters and tool dimensions 
 
Process parameters  Values/Type 
Tool rotation  speed (rpm)  900, 1600, 1950, 2200, 2520 
Welding speed mm/min  15, 22, 30, 40, 48 
Pin length mm  3 and 1.5 
Tool shoulder diameter, D mm  18 
Pin diameter,  d mm  6 
D/d ratio of tool  3.0 
Tool pin geometry  Cylindrical 
Tool material  high speed steel (HSS) 
Side of weld  Single & Double sided 
Direction of weld  Same direction and opposite 
direction 
Material  Aluminum 1100 H14 
Thickness of the material  4 mm 
Type of joint  Butt joint 
In the present study the effect of parameters on mechanical properties of single and double sided welds 
(same and opposite side) are studied. For this purpose two weld groups are formed as presented in the 
tables 3 and 4. In group I the effect of tool rotational speed and in group II the effect of welding speed are 
studied. 
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Table 3 Weld group I 
Specimen    
 
Tool rotation 
 Conditions 
One side both sides 
Opposite 
direction 
both sides 
Same direction 
FSW- IC1 FSW- IB1 FSW-IA1 900  
Group I 
Constant 
Feed-40mm/min 
(Welding speed) 
FSW- IC2 FSW- IB2 FSW-IA2 1600 
FSW- IC3 FSW- IB3 FSW-IA3 1950 
FSW- IC4 FSW -IB4 FSW-IA4 2200 
FSW- IC5 FSW- IB5 FSW-IA5 2520 
Table 4 Weld group II 
Specimen   Conditions 
        One side both sides 
Opposite direction  
both sides 
Same direction  
Welding 
speed(feed rate) 
mm/min 
 
FSW- IIC1 FSW- IIB1 FSW- IIA1 15  
Group II 
Constant  
Rotational speed-1950 
rpm 
FSW- IIC2 FSW- IIB2 FSW- IIA2 22 
FSW- IIC3 FSW- IIB3 FSW -IIA3 30 
FSW- IIC4 FSW- IIB4 FSW -IIA4 40 
FSW- IIC FSW- IIB5     FSW -IIA5 48 
In each group all the three types of welds are made. The same direction and opposite direction concept is 
presented in fig.4. 
                                       
                              A. Same direction                          B. Opposite direction 
Figure 4 - Welding directions (Work pieces are of the same type but different colors are given to identify the individual pieces) 
In both cases the work pieces are turned in the same manner as shown above but the tool movements are 
in different directions.  
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                                                    One sided weld                                Double sided weld 
Figure 5 Tool arrangement 
 
In order to study the weld strength for one sided and double sided the area of cross section of the tool 
penetration is kept constant. The arrangement of tool and work piece is shown in fig. 5. One of the 
welded joints is shown in Fig. 6. 
 
 
Figure 6 Welded joint (double sided with same direction) 
 
3. Mechanical Testing  
The welds were tested for their mechanical strength and hardness. The main objectives of the tests were 
to find out the best type of welding and the best welding parameters for maximum strength and hardness.  
 
3.1 Tension Test 
Zwick/Roell Z050 universal testing machine was used to perform the tensile test of the specimens. The 
starting and ending portions of the weld were not used. The tensile specimens are prepared as per 
standard ASTM E8M and the same geometry which was used throughout the present study is shown in 
Fig. 7.  
257025
25
 
Figure 7 Test piece  
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Fig. 8 Tension Testing Machine Display 
 
In the tensile tests the following studies were made. 
1) Comparative study of one sided and double sided welding on strength. 
2) Comparative study of one direction and opposite direction welding on the strength. 
3) Effect of feed and speed on strength for the best type of welding. 
These studies are presented in the results section. 
3.2 Hardness Test 
Three different zones were selected for the study of the hardness as shown in Figure 9. They are: 1. 
Unaffected material or parent metal. 2. Thermo-mechanically affected zone (TMAZ). 3. Welding 
zone. A universal hardness testing machine was used to measure the Rockwell hardness at these zones. 
 
 
                                  
 
Figure 9 Different zones tested for hardness 
4. Results 
With visual inspection, it was observed that at a welding speed of 40 mm/min, gives excellent weld at a 
tool rotational speed of 1600 rpm. 
4.1 Tension Test 
 
 Fig.10 shows the effect of tool rotational speed on strength for one sided weld. 
 
 
 
 
1 3 2 
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Figure 10 UTS for single sided weld 
4.1.1 Comparison between one sided and double sided welds  
Table 5 shows the strength of joints for double sided welds for both directions. It can be observed that in 
all cases the double sided welds are much stronger than one sided welds. 
Table 5 UTS for different direction welds 
Feed = 40 mm/min 
 
Direction Ultimate Strength (N/mm2) 
  
Rotation speed (rpm) 900 1600 1950 2200 2500 
Same direction 94 81 79 80 78 
Opposite direction 70 60 51 49 45 
4.1.2 Comparison between same direction and opposite direction for double sided welds 
Figure 11 shows the strength of the welds for both directions for constant welding parameters. The 
strengths of both welds are plotted for different rotation speeds. It can also be observed that same 
directional welds are having better strength; double sided same directional welds are superior to other 
types of welds. 
 
 
 
 
 
 
 
Figure 11 - UTS for different directions of the welds (double sided) 
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4.2 Hardness Test 
Table 6 shows the hardness of different zones for different welding parameters for weld group I. The 
specimens are chosen for double sided same direction. 
Table 6  Hardness of welded joints at different zones 
 
 
 
 
 
 
 
 
 
Figure 12 Hardness at different zones at different parameters 
Average values 
Speed in rpm 
(constant feed 
at 40 mm/min) 
Specimen  
Welding zone 
HRB" 
TMAZ 
HRB 
Parent Zone 
HRB  
68      66.45         
72 
 
900 
 
      FSW-IA1 
68.7 67.05 68.7         1600  
      FSW-IA2 
65.1 65.2 66         1950  
      FSW-IA3 
68.1 67.05 68.2 2200  
FSW-IA4 
65.7 66.85 68 2520  
FSW-IA5 
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Figure 13 Hardness of welded zone at different rotation speed 
Fig. 12 shows the plot of hardness for different zones for different FSW parameters. In all cases it can be 
observed that the hardness of the parent metal is higher than the other zones. 
Figure 13 shows the hardness of the welded zones at different tool rotational speeds. The effect of tool 
rotation speed is found to have very little effect on the hardness of the center of the welded zone. 
5. Discussion 
From the results it can be observed that double sided with the same direction welds give better strength 
compared to other types. It is also observed that the advancing side is weaker than the retracting side. 
The fracture location of any joint is a direct reflection of the weakest part of the joint. Studying the 
fracture location of the joint is quite important to understand and improve the mechanical properties of 
the joint. It is observed that the fracture locations of the joints are not distant from the weld center. It is 
also observed that the fracture locations of the joints are significantly affected by the welding parameters. 
Moreover, it should be noted that all the joints are fractured on the advancing side, but not on the 
retreating side of the joints. This implies that the tensile properties of the joints are not the same on the 
two sides of the weld center, and the tensile properties on the advancing side are weaker than those on the 
retreating side. 
5.1 Theoretical explanation of the strength of welds (same and opposite direction) 
When a tensile load is applied to the joint, the stress and strain concentration takes place in the lower-
strength part or region of the joint, and consequently, the joint is fractured in this region of the joints and 
are fractured on the advancing side instead of the retreating side. This result is sufficient to indicate that 
the tensile strength on the advancing side is lower than that on the retreating side. 
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Figure 14 Plot of UTS along the weld & parent metal 
It is also observed that in same direction welding, the weak line (advancing side) is at diagonally opposite 
locations and gives a better strength to the joint. Where as in opposite direction welding both weak lines 
come on the same section of the work piece, making the part much weaker. This is explained in Fig. 14. 
This figure is used only to explain the effect of the same direction and opposite direction welding on the 
strength of the work piece. Fig. 15 shows the effect of welding direction on the Ultimate Tensile Strength 
(UTS) of the weld. From the figure it is clear that the strength of same direction weld is more uniform and 
is better than that of opposite direction weld.  
60
70
80
90
100
110
120
-5 -4 -3 -2 -1 0 1 2 3 4 5
U
TS
 (M
Pa
)
Distance from the weld center
Advanacing Side                                                              Retreating side
Bidirectional
Unidirectional
 
Figure 15 UTS for both types of welding along the weld & parent metal. 
Practically it has been observed that in all cases the welded joint with opposite direction failed before the 
one directional welds. This supports the theoretical explanation of the failures. 
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6. Conclusion 
The 1100 H14 aluminium alloy can be readily friction stir welded, but the strength of the joint is always 
lower than the strength of the parent metal and the quality of the weld is affected by many parameters. 
It is observed that same direction welds are better in strength. In same direction welding, the weak line 
(advancing side) is at diagonally opposite locations and gives a better strength to the joint. Where as in 
opposite direction welding both weak lines come on the same section of the work piece, making the part 
much weaker. 
Double sided same direction welds are superior in strength when compared to opposite directional welds 
for the same area of welding. 
With respect to hardness, it can be concluded that in all cases the hardness of the parent metal is higher 
than the other zones. There is very little influence of rotational speed on hardness of the welded zone. 
Also the hardness is not influenced by the direction of welding in opposite direction welds. 
Better welds can be obtained by double sided one directional tool movement, provided the welding zones 
are accessible from both sides. 
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